Host range factor 1 (HRF-1) of Lymantria dispar multinucleocapsid nucleopolyhedrovirus promotes Autographa californica MNPV replication in nonpermissive Ld652Y cells derived from L. dispar. Here we demonstrate that restricted Hyphantria cunea NPV replication in Ld652Y cells was not due to apoptosis but was likely due to global protein synthesis arrest that could be restored by HRF-1. Our data also showed that HRF-1 promoted the production of progeny virions for two other baculoviruses, Bombyx mori NPV and Spodoptera exigua MNPV, whose replication in Ld652Y cells is limited to replication of viral DNA without successful production of infectious progeny virions. Thus, HRF-1 is an essential viral factor required for productive infection of NPVs in Ld652Y cells.
Nucleopolyhedroviruses (NPVs) belong to the family Baculoviridae and possess a double-stranded, circular DNA genome of 80 to 180 kbp within a large rod-shaped capsid (4) . These viruses are insect-specific viruses reported from more than 520 insect species (1) . NPVs generally exhibit a narrow host range property (1) . Lethal infection is commonly restricted to insect species from which the NPVs are originally isolated and to closely related insect species. Analyses with cell cultures have revealed that while budded virions (BV) of NPVs are capable of entering a phylogenetically broad range of insect cells, NPV replication is often restricted at a step after viral entry that differs depending on the specific combinations of NPVs and insect cell lines (20, 27, 29, 33, 34) .
The molecular mechanisms underlying the host specificity of NPVs are not clear. Recent studies have identified several viral genes that are involved in host range determination of Autographa californica multinucleocapsid NPV (AcMNPV) in insect cell systems (6, 7, 18, 21, 22, 24, 31) . One of these genes, host range factor 1 (hrf-1) from the gypsy moth NPV, Lymantria dispar MNPV (LdMNPV), was identified as a factor that promoted AcMNPV replication in nonpermissive cell line Ld652Y (12) , derived from L. dispar. AcMNPV infection of Ld652Y cells results in global protein synthesis shutoff and yields no progeny virions (8, 13, 14, 23, 32) . The recombinant AcMNPV that possesses hrf-1 restores viral protein synthesis and replicates successfully in Ld652Y cells and L. dispar larvae (5, 7, 31) . Thus, HRF-1 protein precludes global protein synthesis shutoff and promotes production of progeny virions in AcMNPV-infected Ld652Y cells. Analyses of whole-genome sequences from several NPVs (2, 3, 11, 15, 16, 19, 28) revealed that hrf-1 was specifically located on the genome of LdMNPV and Orgyia pseudotsugata MNPV that could replicate in Ld652Y cells. In this study, we demonstrate that HRF-1 is an essential factor required for NPVs to replicate successfully in Ld652Y cells.
HycuNPV replication is restricted in Ld652Y cells by a mechanism other than apoptosis. It was previously shown that infection of Ld652Y cells with Hyphantria cunea NPV (HycuNPV) resulted in induction of severe cellular apoptosis in which no progeny virions were produced (17) . To determine if the defects in HycuNPV replication in Ld652Y cells were due to virus-induced apoptosis, Ld652Y cells were infected with HycuNPV at a multiplicity of infection (MOI) of 5 PFU/ cell. Infected cells were cultured in TC100 medium (Invitrogen) only or in medium containing a pancaspase inhibitor Z-VAD-FMK (Sigma) at a concentration of 20 M. Microscopic examination showed that Z-VAD-FMK had no adverse effect on uninfected Ld652Y cells and effectively blocked apoptosis of Ld652Y cells induced by HycuNPV infection (Fig.  1A) . However, the Z-VAD-FMK-treated HycuNPV-infected Ld652Y cells produced no polyhedra, even at 96 h postinfection (pi) (Fig. 1A) .
To examine yields of BVs, culture media were harvested from HycuNPV-infected Ld652Y cells at 0, 48, and 96 hpi and were subjected to plaque assay on SpIm cells (25) from the mulberry tiger moth, Spilosoma imparilis, cultured in MM medium (26) . The results showed no significant BV yield, even in HycuNPV-infected Ld652Y cells whose apoptosis was blocked by Z-VAD-FMK treatment (Fig. 1B) . In contrast, HycuNPVinfected SpIm cells cultured in the medium containing Z-VAD-FMK produced high titers of BV (Fig. 1B) , indicating that Z-VAD-FMK did not interfere with HycuNPV replication.
Slot blot hybridization analysis showed that the absence of BV production in HycuNPV-infected Ld652Y cells was not due to the absence of viral DNA production (Fig. 1C) . Our results showed that a considerable amount of viral DNA was produced in HycuNPV-infected Ld652Y cells cultured in the medium containing Z-VAD-FMK, with a changing pattern similar to that in HycuNPV-infected SpIm cells (Fig. 1C) . Slot blot analysis also showed that viral DNA in HycuNPV-infected Ld652Y cells without Z-VAD-FMK treatment decreased sharply from 24 hpi, suggesting that the decrease of viral DNA was likely due to apoptosis in HycuNPV-infected Ld652Y cells. Consistent with previous results (17) for HycuNPV-infected Ld652Y cells without Z-VAD-FMK treatment, immunoblot analysis with antisera against polyhedrin and viral structural proteins showed that there was no detectable production of virus-encoded proteins in HycuNPV-infected Ld652Y cells, irrespective of Z-VAD-FMK treatment (data not shown). These results suggested that HycuNPV replication was restricted in Ld652Y cells at a step after viral DNA replication by a mechanism other than apoptosis.
HRF-1 promotes HycuNPV replication in Ld652Y cells.
It has been shown that HRF-1 of LdMNPV promotes AcMNPV replication in nonpermissive Ld652Y cells (7, 31) . To examine whether HRF-1 also promotes HycuNPV replication in Ld652Y cells, a mutant HycuNPV, vHycu⌬hr6/HA-HRF1 ( Fig. 2A) , which possessed a hemagglutinin (HA) tag-fused hrf-1 gene under the control of the hycu-ie1 promoter, was generated by homologous recombination between vHycu⌬hr6/lacZ ( Fig. 2A ) genome DNA and a transfer vector, pHycu⌬hr6/HA-HRF1, in SpIm cells. vHycu⌬hr6/lacZ was generated by homologous recombination between wild-type (wt) HycuNPV ( Fig. 2A) genome DNA and pHycu⌬hr6/lacZ in SpIm cells. To construct pHycu⌬hr6/HA-HRF1 and pHycu⌬hr6/lacZ, p74-76.7 ( Fig.  2A) , which included a segment ranging from 74.0 to 76.7 map units (mu) of the wt HycuNPV genome, was constructed by inserting the SacII-O fragment (74.5 to 76.7 mu) of wt HycuNPV genome into SacII-treated p2.2-BstXI (9, 10) that contained a 2.2-kbp BstXI fragment (74.0 to 74.5 mu) of wt HycuNPV genome cloned into the SmaI site of pBluescript (Stratagene). p74-76.7 was then digested with BstXI and was blunt-ended by T4 DNA polymerase (New England Biolabs), into which the blunt-ended fragments containing the hycu-ie1 promoter-driven HA-fused hrf-1 gene isolated from EcoRI- and XbaI-digested pHyHr6IE1/HA-HRF1 (see Fig. 4A ) and the SeMNPV polyhedrin promoter-driven lacZ gene isolated from SalI-and XbaI-digested pBKblue (Nihon Nosan Kogyo) were subcloned, generating pHycu⌬hr6/HA-HRF1 and pHycu⌬hr6/lacZ, respectively. Insertion of hrf-1 and lacZ genes into the genomes of vHycu⌬hr6/HA-HRF1 and vHycu⌬hr6/lacZ, respectively, was confirmed by PCR with primers specific to each gene (data not shown).
Ld652Y and SpIm cells were infected with vHycu⌬hr6/HA-HRF1 and vHycu⌬hr6/lacZ at an MOI of 10 PFU/cell, and at various times pi, BV yields were examined by plaque assay on SpIm cells. The results showed that the BV titer increased to 1.4 ϫ 10 6 PFU/ml at 72 hpi in vHycu⌬hr6/HA-HRF1-infected Ld652Y cells, while there was no detectable BV production in vHycu⌬hr6/lacZ-infected Ld652Y cells (Fig. 2B) . In SpIm cells, no significant differences in levels of BV production were detected between vHycu⌬hr6/HA-HRF1 and vHycu⌬hr6/ lacZ (Fig. 2B) . Immunoblot analysis using anti-HA antibody (BABCO) showed that the HA-fused HRF-1 protein with an approximate molecular mass of 27 kDa was clearly detected at 24 hpi and decreased at 48 and 72 hpi in Ld652Y cells infected with vHycu⌬hr6/HA-HRF1 (Fig. 2C, upper panel) . Consistent with the results of BV yields, immunoblot analysis showed substantial accumulation of a viral major capsid protein, VP39, only in vHycu⌬hr6/HA-HRF1-infected Ld652Y cells (Fig. 2C,  lower panel) . In vHycu⌬hr6/HA-HRF1-infected Ld652Y cells, however, polyhedra were not observed under a microscope (Fig. 2D) , and accumulation of polyhedrin was not detected by immunoblot analysis in either vHycu⌬hr6/HA-HRF1-or vHycu⌬hr6/lacZ-infected Ld652Y cells (data not shown). Addition of Z-VAD-FMK to inhibit apoptosis did not rescue polyhedrin synthesis in vHycu⌬hr6/HA-HRF1-infected Ld652Y cells (data not shown). These results indicated that HRF-1 was an essential factor for productive HycuNPV infection of Ld652Y cells. However, HRF-1 did not promote polyhedrin production.
HRF-1 precludes global protein synthesis shutoff in HycuNPVinfected Ld652Y cells. It has been shown that HRF-1 precludes global protein synthesis shutoff in AcMNPV-infected Ld652Y cells and leads to the productive infection of AcMNPV in Ld652Y cells (8, 31, 32) . By analogy, it is possible that HRF-1 precludes virus-induced global protein synthesis shutoff in HycuNPV-infected Ld652Y cells as well. To explore this possibility, protein synthesis was comparatively analyzed in Ld652Y cells infected with vHycu⌬hr6/HA-HRF1 and vHycu⌬hr6/ 35 S]methionine (specific activity, 43.5 TBq/mmol) (American Radiolabeled Chemicals) for 60 min, and labeled proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by fluorography, as described previously (30) . The results showed that vHycu⌬hr6/lacZ infection of Ld652Y cells resulted in global protein synthesis shutoff by 24 hpi, while the bands of presumable virus-specific proteins were detected by 48 hpi in vHycu⌬hr6/HA-HRF1-infected Ld652Y cells (Fig. 3A) . Z-VAD-FMK did not affect the pattern of protein synthesis in infected cells (Fig. 3B) , indicating that global protein synthesis shutoff in vHycu⌬hr6/lacZ-infected Ld652Y cells was not due to apoptosis. These results indicated that HRF-1 precluded global protein synthesis shutoff in Ld652Y cells infected with HycuNPV and promoted synthesis of HycuNPV-encoded proteins, suggesting that HRF-1 rescued HycuNPV replication by precluding global protein synthesis shutoff.
HRF-1 is an essential viral factor required for NPV productive infection of Ld652Y cells. Previous studies have shown that infection of Ld652Y cells with Bombyx mori NPV (BmNPV),
Spodoptera exigua MNPV (SeMNPV), and Spodoptera litula MNPV (SpltMNPV) result in nonproductive infections (20, 33) . To determine if HRF-1 rescues replication of BmNPV, SeMNPV, and SpltMNPV in Ld652Y cells, BV yields and production of virus-encoded proteins were examined in Ld652Y cells transiently expressing HRF-1. To construct an hrf-1 expression vector, an HA tag-fused hrf-1 open reading frame amplified by PCR was subcloned into NcoI-and XbaI-digested pHyHr6IE1/Luc (9), generating pHyHr6IE1/HA-HRF1 (Fig.  4A) , which contained an HA-fused hrf-1 gene regulated by the HycuNPV ie1 promoter enhanced by hycu-hr6. Ld652Y cells (10 6 ) were transfected with 1 g of pHyHr6IE1/HA-HRF1 or pHyHr6IE1/EGFP (Fig. 4A) containing the egfp gene instead of HA-fused hrf-1, and at 24 h posttransfection transfected Ld652Y cells were infected with BmNPV, SeMNPV, SpltMNPV, AcMNPV, or HycuNPV, each at an MOI of 1 PFU/ cell. Microscopic observation showed that Ld652Y cells transfected with pHyHr6IE1/HA-HRF1 prior to infection with AcMNPV, BmNPV, or SeMNPV produced polyhedra (Fig.  4B) ; in contrast, there was no detectable polyhedron formation in Ld652Y cells transfected with pHyHr6IE1/EGFP prior to infection with those NPVs (Fig. 4B ). Immunoblot analysis with anti-HA antibody showed that Ld652Y cells transfected with pHyHr6IE1/HA-HRF1 prior to infection with NPVs accumulated substantial amounts of HA-fused HRF-1 protein (Fig.  4C, upper panel) . Accumulation of polyhedrin was also observed in Ld652Y cells transfected with pHyHr6IE1/HA-HRF1 and then subsequently infected with AcMNPV, BmNPV, or SeMNPV (Fig. 4C, lower panel) . Production of polyhedrin was not rescued by HRF-1 in Ld652Y cells infected with HycuNPV and SpltMNPV (Fig. 4C, lower panel) .
Ld652Y cells were cotransfected with pHyHr6IE1/HA-HRF1 or pHyHr6IE1/EGFP and genomic DNA from AcMNPV, BmNPV, HycuNPV, SeMNPV, or SpltMNPV. Plaque assay on appropriate cell lines permissive for the respective NPVs showed that BV yields at 72 hpi in culture medium from pHyHr6IE1/HA-HRF1-transfected Ld652Y cells were 3.1 ϫ 10 4 , 2.7 ϫ 10 3 , 2.5 ϫ 10 4 , and 8.6 ϫ 10 1 PFU/ml upon transfection with genomic DNAs from AcMNPV, BmNPV, HycuNPV, and SeMNPV, respectively, whereas there were no detectable BV yields in Ld652Y cells cotransfected with pHyHr6IE1/EGFP and NPV genomes (Fig. 4D) . SpltMNPV BV production in Ld652Y cells was not rescued by HRF-1 (Fig. 4D) . These results indicated that HRF-1 promoted the replication of BmNPV, HycuNPV, SeMNPV, and AcMNPV in Ld652Y cells.
Conclusions. Our results demonstrated that BmNPV, HycuNPV, SeMNPV, and AcMNPV, which produced viral DNA in nonpermissive Ld652Y cells (14, 17, 33) , were able to replicate with the aid of HRF-1, while replication of SpltMNPV, which produced no detectable viral DNA in Ld652Y cells (20) , was not rescued by HRF-1. These results suggest that HRF-1 is required for an event that occurs after viral DNA replication to yield progeny virions in NPV-infected Ld652Y cells. Consistent with the results of AcMNPV-infected Ld652Y cells (8, 31, 32) , our results also demonstrated that HRF-1 precluded global protein synthesis shutoff in HycuNPV- infected Ld652Y cells. It is thus concluded from the results presented in this study that global protein synthesis shutoff is the major factor that restricts NPV replication in Ld652Y cells and that HRF-1 is a crucial viral factor that copes with this antiviral mechanism operating in NPV-infected Ld652Y cells.
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